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Abstract
We investigate the Coulomb breakup of neutron rich nuclei 11Be and 19,17,15C within
a theory developed in the framework of Distorted Wave Born Approximation. Fi-
nite range effects are included by a local momentum approximation, which allows
incorporation of realistic wave functions for these nuclei in our calculations. Energy
and angular as well as parallel momentum distributions of the fragments emitted
in the breakup of these nuclei on heavy targets have been calculated using several
structure models for their ground state. Comparison with the available experimen-
tal data shows that the results are selective about the ground state wave function of
the projectile. Our investigations confirm that the nuclei 11Be, 19C and 15C have a
one-neutron halo structure in their ground states. However, for 17C such a structure
appears to be less likely. Calculations performed within our method have also been
compared with those from an adiabatic model and the results are discussed.
PACS numbers: 21.10.Hw, 21.60.-n, 24.10.Eq, 25.60.Gc
Key words: Coulomb breakup, one-neutron halo nucleus, effects of projectile
structure.
1 Introduction
It has now been well established that close to the neutron drip line, there ex-
ist nuclei having one, or some times two, very loosely bound valence neutrons
extending too far out in space with respect to a dense charged core [1]. The
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properties of these neutron halo nuclei [2] have been reviewed by several au-
thors (see e.g. [3–6]). The halo systems, which involve a new form of nuclear
matter, are characterized by large reaction and Coulomb dissociation cross
sections [7–10]. Moreover, in the breakup reactions induced by these nuclei,
the angular distributions of neutrons measured in coincidence with the core
nuclei [11,12] are strongly forward peaked and the parallel momentum distri-
butions of the core fragment have very narrow widths [13–18]. Due to their
strikingly different properties as compared to those of the stable nuclei, such
systems provide a stringent test of the nuclear structure models developed for
the latter.
The Coulomb dissociation is a significant reaction channel in the scattering
of halo nuclei from a stable heavy target nucleus. It provides a convenient
tool to investigate their structure. For instance, it would place constraints
on their electric dipole response [9,10,19,20]. Of course, in the Serber [21]
type of models [22,23], the breakup cross sections are directly related to the
momentum space wave function of the projectile ground state. The studies
of the Coulomb dissociation of weakly bound nuclei are also of interest due
to their application in determining the cross sections of the astrophysically
interesting radiative capture reactions at solar temperatures [24].
The Coulomb dissociation of halo nuclei has been investigated by several au-
thors recently, using a number of different theoretical approaches. A semiclas-
sical coupled channel formalism has been used by authors of Ref. [25], while
in Refs. [26,27] the relative motion of the core and the valence particle is de-
scribed by a time dependent Schro¨dinger equation. The results within these
approaches depend on the range of the impact parameter associated with the
straight line trajectories used to describe the motion of the projectile in the
field of target nuclei. However, in these studies the emphasis was on investi-
gating the dynamics of the Coulomb dissociation, and not the structure of the
projectile ground state which was assumed to have some very simple zero range
(ZR) form. Similar assumption for the projectile structure was also made in
other semiclassical [23,28] and prior form distorted wave Born approximation
(DWBA) calculations [29].
On the other hand, the post form DWBA theory of the breakup reactions
incorporates the details of the ground state structure of the projectile in the
breakup amplitude [30]. However, in an earlier application [31] of this theory to
calculate the breakup of the halo nuclei, the simplifying approximation of the
zero range interaction was used. This approximation necessarily excludes the
use of this theory to describe the breakup of non-s – wave projectiles. Moreover
its applicability is questionable even for s – wave projectiles at higher beam
energies [32]. Therefore, to investigate the details of the projectile structure
through breakup reactions within this theory, the inclusion of the finite range
effects is necessary. It may be noted that in a recently formulated adiabatic
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model [33] of the Coulomb breakup reactions, where it is assumed that the
projectile excitation is predominantly to the states of the low internal energy,
the details of the ground state wave function also enters in the transition
amplitude.
In this paper, we present a theoretical model to describe the Coulomb breakup
of a projectile within the framework of the post form DWBA where finite
range effects are included, approximately, via a local momentum approxima-
tion (LMA) [34,35]. The exact treatment of the finite range effects within this
theory, although desirable, is much too complicated as it would lead to six
dimensional integrals involving functions which are oscillatory asymptotically.
The LMA leads to two simplifying features. First, it factorises the dynamics of
the reaction from the structure effects of the projectile and second, it results
in an amplitude where the term describing the dynamics of the process is the
same as that evaluated in the ZR approximation. We present the application
of this theory to the Coulomb breakup of neutron rich nuclei 11Be and 15,17,19C
on a number of heavy targets. We attempt to put constraints on the ground
state structure of these nuclei by analyzing almost all the available data on the
energy, angular and longitudinal momentum distributions of fragments using
various configurations of the projectile ground state.
Our formalism is presented in section 2. In section 3 we present and discuss the
results of our calculations for various observable for the reactions mentioned
above. The summary and the conclusions of our work are described in section
4. The validity of the approximate method used by us to include the finite
range effects is presented in appendix A.
2 Formalism
We consider the reaction a + t → b + c + t, where the projectile a breaks up
into fragments b (charged) and c (uncharged) in the Coulomb field of a target
t. The coordinate system chosen is shown in Fig. 1.
The position vectors satisfy the following relations
r= ri − αr1, α = mc
mc +mb
(1)
rc= γr1 + δri, δ =
mt
mb +mt
, γ = (1− αδ) (2)
The exact post form T - matrix for this case is
T = 〈χ(−)b (kb, r)Φb(ξb)χ(−)c (kc, rc)Φc(ξc)|Vbc(r1)|Ψ(+)a (ξa, r1, ri)〉, (3)
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Fig. 1. The three-body coordinate system. b, c and t represent the charged core,
valence neutron and target respectively.
where χ′s are the distorted waves for relative motions of b and c with respect
to t and the center of mass (c.m.) of b+ t system respectively, and Φ′s are the
internal state wave functions of the concerned particles with internal coordi-
nates ξ. Ψ(+)a (ξa, r1, ri) is the exact three-body scattering wave function of the
projectile with a wave vector ka, with outgoing wave boundary condition. kb,
kc are Jacobi wave vectors of b and c respectively in the final channel of the
reaction. Vbc(r1) is the interaction between b and c. The charged fragment b
interacts with the target by a point Coulomb interaction and hence χ
(−)
b (kb, r)
is a Coulomb distorted wave with incoming wave boundary condition. For pure
Coulomb breakup, the interaction between the target and uncharged fragment
c is zero and hence χ(−)c (kc, rc) is replaced by a plane wave.
In the distorted wave Born approximation (DWBA), we write
Ψ(+)a (ξa, r1, ri) = Φa(ξa, r1)χ
(+)
a (ka, ri), (4)
where Φa(ξa, r1) represents the bound state wave function of the projectile
having its radial and angular parts as uℓ(r1) and Yℓm(rˆ1) respectively, which
are associated with the relative motion of b and c. χ(+)a (ka, ri) is the Coulomb
distorted scattering wave describing the relative motion of the c.m. of the
projectile with respect to the target with outgoing wave boundary condition.
The assumption inherent in Eq. (4) is that the breakup channels are very
weakly coupled and hence this coupling needs to be treated only in the first
order. The transition amplitude (written in the integral form) is now given by
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T =
∫ ∫ ∫
dξdr1driχ
(−)∗
b (kb, r)Φ
∗
b(ξb)e
−ikc.rcΦ∗c(ξc)Vbc(r1)
×Φa(ξa, r1)χ(+)a (ka, ri). (5)
The integrals over the internal coordinates ξ give
∫
dξΦ∗b(ξb)Φ
∗
c(ξc)Φa(ξa, r1)
=
∑
ℓmjµ
〈ℓmjcµc|jµ〉〈jbµbjµ|jaµa〉iℓuℓ(r1)Yℓm(rˆ1). (6)
In Eq. (6) ℓ is the relative motion angular momentum between b and c . This
is coupled to spin of c and the resultant j is coupled to spin of (the inert core)
b to get the spin of a (ja). Using Eq. (6), the T -matrix can be written as
T =
∑
ℓmjµ
〈ℓmjcµc|jµ〉〈jbµbjµ|jaµa〉iℓℓˆβℓm(kb,kc;ka), (7)
where
ℓˆβℓm(kb,kc;ka) =
∫ ∫
dr1driχ
(−)∗
b (kb, r)e
−ikc.rcVbc(r1)
×φℓma (r1)χ(+)a (ka, ri), (8)
with βℓm being the reduced T – matrix and ℓˆ =
√
2ℓ+ 1. We have written
φℓma (r1) = uℓ(r1)Yℓm(rˆ1).
It may be noted that the reduced amplitude βℓm involves a six dimensional
integral which makes its evaluation quite complicated. The problem gets fur-
ther acute due to the fact that the integrand involves three scattering waves
which have oscillatory behavior asymptotically. Therefore, several approxi-
mate methods have been used in the literature to avoid the evaluation of six
dimensional integrals. In the zero range approximation (ZRA) [36] one assumes
Vbc(r1)φ
ℓm
a (r1) =D0δ(r1), (9)
where D0 is the usual zero range constant. This approximation reduces the six
dimensional integral in Eq.(8) to a three-dimensional one. The corresponding
amplitude is written as
βZR00 =D0〈χ(−)b (kb, ri)eiδkc.ri|χ(+)a (ka, ri)〉. (10)
In Eq. (10), the details of the projectile structure enter in the reaction ampli-
tude only as a multiplicative constant D0. However, ZRA necessarily restricts
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the relative motion between b and c in the projectile a to s – state only. Even
for such cases, this approximation may not be satisfied for heavier projectiles
and at higher beam energies [32].
Baur and Trautmann (BT) [37] have proposed an alternative approximate
scheme in which the projectile c.m. coordinate in the corresponding distorted
wave in Eq. (8) is replaced by that of the core-target system, i.e. ri ≈ r. With
this approximation the amplitude βℓm splits into two factors each involving a
three dimensional integral
ℓˆβBTℓm = 〈eikc.r1|Vbc|φℓma (r1)〉〈χ(−)b (kb, r)eiδkc.r|χ(+)a (ka, r)〉. (11)
The first term, known as the form factor, depends on the structure of the
projectile through its ground state wave function φℓma (r1). The second term
involves the dynamics of the reaction. This amplitude (which will be referred
to as the BT amplitude), used originally to study the deuteron breakup at sub-
Coulomb energies [37], was applied to the calculations of the Coulomb breakup
of halo nuclei in [31]. This approximation, which allows the application of the
theory to non-s – wave projectiles, may seem to be justified if the c.m of
the b + c system is shifted towards b (which is indeed the case if mb ≫ mc).
However, the neglected piece of ri (αr1) occurs in association with the wave
vector ka, whose magnitude may not be negligible for the reactions at the
higher beam energies. Therefore, contribution coming to the amplitude from
the neglected part of ri may still be substantial.
An approximate way of taking into account the finite range effects in the
post form DWBA theory is provided by the local momentum approximation
[32,34]. The attractive feature of this approximation is that it leads to the
factorization of the amplitude βℓm similar to that obtained in the BT case.
We use this approximation to write the Coulomb distorted wave of particle b
in the final channel as
χ
(−)
b (kb, r)= e
−iαK.r1χ
(−)
b (kb, ri). (12)
Eq. (12) represents an exact Taylor series expansion about ri if K(= −i∇ri)
is treated exactly. However, this is not done in the LMA scheme. Instead, the
magnitude of the local momentum here is taken to be
K(R) =
√
2m
h¯2
(E − V (R)), (13)
where m is the reduced mass of the b− t system, E is the energy of particle b
relative to the target in the c.m. system and V (R) is the Coulomb potential
between b and the target at a distance R. Therefore, the local momentum K is
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evaluated at some distance R, and its magnitude is held fixed for all the values
of r. As is discussed in appendix A, the results of our calculations are almost
independent of the choice of the direction the local momentum. Therefore, we
have taken the directions of K and kb to be the same in all the calculations
presented in this paper. It may be noted that in the calculations presented in
Ref. [38], the LMA was applied to the Coulomb distorted wave of the projectile
channel, where making a choice of the direction of the local momentum is some
what complicated due to the fact that the directions of both the fragments in
the final channel has to be brought into the consideration. Detailed discussion
on the validity of the local momentum approximation is presented in appendix
A.
Substituting Eq. (12) into Eq. (8) we get the following factorized form of the
amplitude
ℓˆβFRDWBAℓm = 〈ei(γkc−αK).r1|Vbc|φℓma (r1)〉
× 〈χ(−)b (kb, ri)eiδkc.ri|χ(+)a (ka, ri)〉. (14)
Eq. (14) (which will be referred to as the FRDWBA amplitude in the following)
looks like Eq (11) of the BT theory but with the very important difference
that the form factor is now evaluated at the momentum transfer (γkc −αK),
and not at the valence particle momentum kc. The two momenta could be
quite different for cases of interest in this paper. The second term, involving
the dynamics part of the reaction, is the same in both the cases. Therefore,
the breakup amplitude obtained in BT approximation differs from that of
FRDWBA by a factor
Fr =
βBTℓm
βFRDWBAℓm
=
〈eikc.r1|Vbc|φℓma (r1)〉
〈ei(βkc−αK).r1|Vbc|φℓma (r1)〉
(15)
Recently, a theory of the Coulomb breakup has been developed within an
adiabatic (AD) model [33,39], where one assumes that the excitation of the
projectile is such that the relative energy (Ebc) of the b − c system is much
smaller than the total incident energy, which allows Ebc to be replaced by the
constant separation energy of the fragments in the projectile ground state. It
was shown in [39] that under these conditions the wave function Ψ(+)a (ξa, r1, ri)
has an exact solution as given below
Ψ(+),ADa (ξa, r1, ri) =Φa(ξa, r1)e
iαka.r1χ(+)a (ka, r) (16)
Substituting Ψ(+),ADa for Ψ
(+)
a in Eq. (3) leads to the reduced amplitude:
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ℓˆβADℓm = 〈ei(kc−αka).r1|Vbc|φℓma (r1)〉〈χ(−)b (kb, r)eiδkc.r|χ(+)a (ka, r)〉. (17)
This amplitude differs from those of BT as well as FRDWBA only in the form
factor part (first term), which is evaluated here at the momentum transfer
(kc − αka). Eq. (17) can also be obtained in the DWBA model by making a
local momentum approximation to the Coulomb distorted wave in the initial
channel of the reaction, and by evaluating the local momentum at R = ∞
with its direction being the same as that of the projectile [38]. The adia-
batic model does not make the weak coupling approximation of the DWBA.
However, it necessarily requires one of the fragments (in this case c) to be
chargeless. In contrast, the DWBA with the LMA could, in principle, be ap-
plied to cases where both the fragments b and c are charged [32] (of course the
dynamical part of the amplitude can not be expressed in terms of the simple
bremsstrahlung integral in this case as discussed below). While the effect of
nuclear breakup in the adiabatic model description of elastic scattering of the
loosely bound projectile has been calculated in Ref. [39–41], the nuclear part of
the amplitude for breakup reactions is yet to be calculated within this model.
At the same time, the nuclear breakup cross section has not been calculated
within the FRDWBA theory also (although it is straightforward to do so).
These calculations will be presented in a future publication.
The triple differential cross section of the reaction is given by
d3σ
dEbdΩbdΩc
=
2π
h¯va
ρ(Eb,Ωb,Ωc)
∑
ℓm
|βℓm|2, (18)
where ρ(Eb,Ωb,Ωc) is the appropriate [42] three-body phase space factor, given
by
ρ(Eb,Ωb,Ωc) =
h−6mbmcmtpbpc
mt +mc −mc kc.(ka−kb)k2c
, (19)
with ka,kb and kc being evaluated in the appropriate frame of reference. va is
the relative velocity of the projectile in the initial channel. p in Eq. (19) are
the linear momenta which are related to wave numbers k by p = h¯k.
Substituting the following expressions for the Coulomb distorted waves
χ
(−)∗
b (kb, ri)= e
−πηb/2Γ(1 + iηb)e
−ikb.ri
1F1(−iηb, 1, i(kbri + kb.ri)), (20)
χ(+)a (ka, ri)= e
−πηa/2Γ(1 + iηa)e
ika.ri
1F1(−iηa, 1, i(kari − ka.ri)) (21)
in Eq. (14), one gets for the triple differential cross section
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d3σ
dEbdΩbdΩc
=
2π
h¯va
ρ(Eb,Ωb,Ωc)
4π2ηaηb
(e2πηb − 1)(e2πηa − 1) |I|
24π
∑
ℓ
|Zℓ|2. (22)
In Eqs. (20 – 22) η’s are the Coulomb parameters for the concerned particles.
In Eq. (22) I is the Bremsstrahlung integral [43] which can be evaluated in a
closed form:
I =−i
[
B(0)
(dD
dx
)
x=0
(−ηaηb)2F1(1− iηa, 1− iηb; 2;D(0))
+
(dB
dx
)
x=0
2F1(−iηa,−iηb; 1;D(0))
]
(23)
where
B(x) =
4π
k2(iηa+iηb+1)
[
(k2 − 2k.ka − 2xka)iηa(k2 − 2k.kb − 2xkb)iηb
]
, (24)
D(x) =
2k2(kakb + ka.kb)− 4(k.ka + xka)(k.kb + xkb)
(k2 − 2k.ka − 2xka)(k2 − 2k.kb − 2xkb) (25)
with k = ka − kb − δkc. Zℓ contains the projectile structure information and
is given by
Zℓ =
∫
dr1r
2
1jℓ(k1r1)Vbc(r1)uℓ(r1), (26)
with k1 = |γkc − αK|.
3 Calculations and discussions
Apart from the distance at which local momentum is calculated (which is
taken to be 10 fm as discussed in appendix A) and its direction (described
already in the previous section), the only other input to our calculations is the
radial part of the projectile ground state wave function. The forms for this as
chosen by us for the projectiles considered in this paper are discussed in the
following.
3.1 Calculations for reactions induced by 11Be
For the ground state of 11Be, we have considered the following configurations
: (a) a s – wave valence neutron coupled to 0+ 10Be core (10Be(0+)⊗ 1s1/2ν)
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with a one-neutron separation energy (Sn−10Be) of 504 keV and a spectroscopic
factor (SF) of 0.74 [44–46], (b) a d – wave valence neutron coupled to 2+
10Be core (10Be(2+) ⊗ 0d5/2ν) with a binding energy of 3.872 MeV (which is
the sum of energy of the excited 2+ core (3.368 MeV) and Sn−10Be) and (c)
an admixture of these two configurations with spectroscopic factors of 0.74
and 0.17 respectively [47]. In each case, the single particle wave function, is
constructed by assuming the valence neutron-10Be interaction to be of Woods-
Saxon type whose depth is adjusted to reproduce the corresponding value of
the binding energy with fixed values of the radius and diffuseness parameters
(taken to be 1.15 fm and 0.5 fm respectively). For configuration (a), this
gives a potential depth of 71.03 MeV, a root mean square (rms) radius for the
valence neutron of 6.7 fm and a rms radius for 11Be of 2.91 fm when the size
of the 10Be core is taken to be 2.28 fm [48]. In some cases we have also used
a wave function for the s – state of 11Be calculated within a dynamical core
polarization (DCP) model [49].
3.1.1 Energy distributions of the fragments
0 20 40 60 80
En (MeV)
0
1
2
3
d2
σ
/d
E n
dΩ
n
 
(b/
Me
V.
sr)
11Be + Au → n + 10Be + Au
 44 MeV/nucleon
Fig. 2. Neutron energy distributions for the breakup of 11Be on the Au target
at the beam energy of 44 MeV/nucleon calculated within the FRDWBA using
configurations (a) (dotted line), (b) (dashed line, plotted after multiplying the actual
results by a factor of 1000) and (c) solid line for the ground state of 11Be. The results
obtained with configurations (a) and (c) are indistinguishable from each other. The
experimental data are taken from [28].
In Fig. 2, we present the results of our FRDWBA calculations for the double
differential cross section (d2σ/dEndΩn) as a function of the neutron energy
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at the neutron angle of 1◦, in the breakup of 11Be on a gold target at the
beam energy of 44 MeV/nucleon. The experimental data are taken from [28].
The results obtained with configurations (a), (b) and (c) for the ground state
of 11Be are shown by dotted, dashed and full lines respectively. The results
of configuration (b) are plotted after multiplying the actual numbers by a
factor of 1000. The cross sections obtained with configurations (a) and (c)
are indistinguishable from each other. Thus these two configurations produce
almost identical results for the Coulomb dissociation of 11Be. In the following,
we have used configuration (a) for the ground state state of 11Be in all the
calculations.
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11Be on Au
FRDWBA
θn = 1
o
θn = 3.4
o
FRDWBA
θn = 1
o
AD
θn = 3.4
o
AD
Fig. 3. Neutron energy distributions for the breakup of 11Be on Au at beam energies
of 37 MeV/nucleon (dotted lines) and 44 MeV/nucleon (solid lines), calculated using
configuration (a) with single particle wave functions within the FRDWBA and the
AD models. The top half of the figure is for θn = 1
◦, while the bottom half is for
θn = 3.4
◦. The experimental data are taken from [28].
In Fig. 3, we present a comparison of our calculation with the data (taken
from [28]) for the energy distribution of the neutron emitted in the same
reaction as in Fig. 2 at two forward angles. Calculations performed within both
FRDWBA and AD model are shown in this figure. The same configuration
for the 11Be ground state has been used in both the cases. The beam energy
in this experiment [28] varies between 36.9 – 44.1 MeV/nucleon. To take into
account this spread, we have performed calculations at both its upper (44
MeV/nucleon) (solid line) and lower ends (37 MeV/nucleon) (dotted line).
Although these data have large statistical errors, the calculations performed
at 44 MeV/nucleon are in better agreement with the experimental values.
Thus our calculations may serve to remove the uncertainty in the data in this
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regard. It should also be noted that the AD model calculations over-predict
the experimental cross sections in the peak region.
0 20 40 60 80 100
Ea (MeV/nucleon)
0
0.5
1
1.5
|Fr|2
11Be + Au → 10Be + n + Au
Fig. 4. Modulus square of the ratio Fr defined by Eq. (15) as a function of the beam
energy for the same reaction as in Fig. 2 corresponding to forward emission angles
of the breakup fragments as discussed in the text.
As discussed earlier, the cross sections obtained in the BT theory differs from
that of the FRDWBA by the modulus square of the factor Fr as defined by
Eq. (15). In fig. 4, we have shown the beam energy dependence of |Fr|2 for
the same reaction as in Fig. 2, for a set of forward angles of the outgoing
fragments (θb = 1
◦, θc = 1
◦ and φc = 1
◦). We can see that this quantity is
close to unity only at the sub-Coulomb beam energies (of course at higher
beam energies it crosses twice the line representing the value 1). Therefore,
the BT and FRDWBA calculations are expected to produce similar results at
very low incident energies. Depending upon the beam energy, the BT results
can be larger or smaller than those of the FRDWBA.
A comparison of the results of the FRDWBA (solid line) and the BT (dotted
line) calculations for the same reaction as in Fig. 2 is presented in Fig. 5.
The bombarding energy in this case is 44 MeV/nucleon. We can see that the
BT results are larger than those of the FRDWBA in almost entire region of
neutron energies. This is to be expected from the results shown in Fig. 4,
where the quantity |Fr|2 is larger than unity at this beam energy. It may be
noted that the FRDWBA results provide a reasonable good description of the
data, particularly in the peak region while BT calculations overestimate them.
In Fig. 6, we show the energy distributions of the charged fragment 10Be, cal-
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Fig. 5. The energy distribution of the neutrons observed in the breakup of 11Be on
the Au target at the beam energy of 44 MeV/nucleon at the neutron angle of 1◦,
calculated within the FRDWBA (solid line) and BT (dashed line) theories.
culated within the FRDWBA (upper part) and the AD model (lower part) for
the breakup of 11Be on the Au target at the beam energy of 42 MeV/nucleon
at three angles of 1◦, 2◦ and 3◦. A noteworthy feature of these results is that
the peak position in both the calculations is very close to the energy corre-
sponding to the beam velocity. This suggests that the charged fragment gets
almost no post acceleration in the final channel. This feature of the breakup
of halo nuclei (which is in contrast to the case of the breakup of stable iso-
topes [30]), was first noted in Ref. [31], and was corroborated later on by the
authors of Refs. [25,26,28,50]. The reason for not observing the post acceler-
ation effects, as put forward by authors of Ref. [31], is that due to their very
small binding energies the halo nuclei break up far away from the distance
of closest approach, which reduces greatly the effect of Coulomb repulsion on
the charged outgoing fragment. This argument has received support from a
recent calculation of the Coulomb dissociation potential of the deuteron which
is shown [51] to have a considerably large value even outside the charge den-
sity of the target nucleus. A separate reason for not observing this effect has
been put forward by the authors of Ref. [28], according to which these effects
are small as the collision time is much less than the characteristic time for the
disintegration of the halo.
However, these quasiclassical arguments have been questioned by the authors
of Ref. [27,52]. Esbensen, Bertsch and Bertulani [52], who include the higher
order processes in the Coulomb dissociation of halo nuclei 11Li and 11Be by
13
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Fig. 6. Energy distribution of the 10Be fragment in the breakup of 11Be on Au at
42 MeV/nucleon beam energy corresponding to the 10Be angles of 1◦ (solid line),
2◦ (dotted line) and 3◦ (dashed line). The FRDWBA and adiabatic model results
are shown in the upper and lower parts of the figure respectively.
solving the three-dimensional time-dependent Schro¨dinger equation, and find
a magnitude for the post acceleration effect which is quite appreciable for the
9Li fragment in the breakup of 11Li and relatively somewhat smaller for the
10Be fragment in the breakup of 11Be. In the semiclassical calculations of Baur,
Bertulani and Kalassa [53], where breakup is assumed to take place at some
classical distance, it is predicted that post acceleration effects should manifest
itself in the increase of the average momentum of the charged fragment with
the scattering angle. Indeed, the earlier measurements of Nakamura et al. [9]
is consistent with this observation.
In a recent experiment [54], the momentum of the 10Be core from the breakup
of 11Be has been measured with sufficient precision to verify the previously re-
ported post acceleration effect. We have made a comparison of our FRDWBA
calculations with this data in Fig. 7, where we show the calculated and exper-
imental 10Be average momenta (defined as
∑
pb
d2σ
dpbdΩb
/
∑ d2σ
dpbdΩb
) as a function
of laboratory angle. In the semiclassical picture of Ref. [53], the impact param-
eter decreases with the increase of the scattering angle, thereby making the
Coulomb repulsion effects on the charged fragment stronger. Therefore, the
post acceleration should show up in the increase of this average momentum
with the increase of the scattering angle. However, in both the experimental
data of [54] as well as our calculations no such increase is observed. Thus,
neither the data of Ref. [54] nor our calculations support the results found in
Ref. [9]. Therefore, the semiclassical picture presented in [53] should be viewed
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Fig. 7. Average momenta of the 10Be fragment in the breakup of 11Be on Au at 42
MeV/nucleon beam energy as a function of its detection angle. The data are taken
from [54].
with caution.
3.1.2 Neutron Angular Distribution
The measured neutron angular distribution in the exclusive 11Be + A→ 10Be
+ n +A reaction below the grazing angle is very narrow and is shown to be
[38,55] dominated by the Coulomb breakup process. This reflects the narrow
width of the transverse momentum distribution of the valence neutron in the
ground state of 11Be, which is consistent with the presence of a neutron halo
structure in 11Be. In the top half of Fig. 8, we compare the calculated and
measured exclusive neutron angular distribution dσ/dΩn as a function of the
neutron angle θn for the above reaction on a Au target at the beam energy
of 41 MeV/nucleon. Calculations (where integrations over the core fragment
energy is done in the range of 390 to 430 MeV, which contributes most to the
cross section) performed within the FRDWBA (solid line) and the AD model
(dotted line) using the same configuration for the 11Be ground state are shown
in this figure. Also shown (dashed line) here is the FRDWBA calculation per-
formed with the 11Be ground state wave function obtained in the DCP model.
We note that while the FRDWBA and the AD model results agree with each
other well below 12◦, the difference between the two models starts becoming
prominent as the angle increases beyond this value, with the latter developing
a dip around 25◦. At small neutron angles, the FRDWBA calculation done
with the DCP wave function overestimates somewhat the measured neutron
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Fig. 8. The calculated neutron angular distributions for the breakup of 11Be on a Au
target at 41 MeV/nucleon beam energy (upper half). The solid and the dotted lines
show the results of the calculation performed with the FRDWBA and AD model
with configuration (a) using single particle wave functions, while the dashed line
corresponds to the FRDWBA calculation done with the DCP wave function for the
ground state of 11Be as discussed in the text. The data are taken from [28]. In the
lower half, the quantity G (see text) has been plotted against θn. The solid line and
the dashed lines show the results for the FRDWBA and the AD cases respectively.
angular distribution.
To understand the origin of the dip in the ADmodel calculations of the neutron
angular distribution, we have plotted the quantity G(=
∫
dθb sin θb|Zℓ|2) as a
function of θn in the lower half of Fig. 8 for both the FRDWBA (solid line)
and the AD (dashed line) cases. The energy of fragment b corresponds to the
beam velocity. We can see that in the AD case G becomes very small around
25◦, which corresponds to a node in its form factor at the momentum transfer
related to this angle.
3.1.3 Relative energy spectrum of fragments
The relative energy spectrum for the breakup of 11Be on a Pb target at 72
MeV/nucleon is shown in Fig. 9. The top half shows the results obtained with
the FRDWBA (solid line) and the AD model (dotted line) using configuration
(a) with the single particle wave function for the 11Be ground state, while the
bottom half depicts the FRDWBA results obtained with the single particle
and DCP wave functions. We see that, while both the FRDWBA and the
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Fig. 9. Relative energy spectra for the Coulomb breakup of 11Be on a Pb target at
72 MeV/nucleon beam energy. The top half of the figure shows the spectra obtained
with a single particle wave function, using the FRDWBA (solid line), the AD model
(dotted line) and the BT approximation (dashed line). The bottom half shows the
results of FRDWBA calculations using single particle (solid line) and DCP (dotted
line) wave functions. The data are taken from [9].
AD model calculations reproduce the peak value of the data [9] well, the
FRDWBA calculations done with the DCP wave function overestimate it. On
the other hand, none of the calculations is able to explain the data at higher
relative energies. This can be attributed to the fact that nuclear breakup
effects, which can contribute substantially [56] at higher relative energies (for
Erel > 0.6 MeV), are not included in these calculations. Of course, the authors
of Ref. [9] claim that their data have been corrected for these contributions.
However, the procedure adopted by them for this purpose is inadequate. They
obtained the nuclear breakup contribution on the Pb target, by scaling the
cross sections measured on a carbon target. This scaling procedure is unlikely
to be accurate for reactions induced by halo nuclei due to the presence of
a long tail in their ground state. In a full quantum mechanical theory, both
Coulomb and nuclear breakup contributions should be calculated on the same
footing and corresponding amplitudes should be added coherently to get the
cross sections.
Calculations done using the BT theory (dashed line in the upper part of Fig. 9)
underestimates the data considerably. This difference between the FRDWBA
and the BT results can again be traced to the behavior of |Fr|2 in Fig. 4, which
is smaller than unity at the beam energy of 72 MeV/nucleon of this reaction.
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We would like to remark that our post form FRDWBA results for the pure
Coulomb breakup contribution to the relative energy spectra for the 11Be
agrees quite well with a recent calculation of the breakup reaction in a non-
perturbative approach where the time evolution of the projectile is calculated
by solving a time-dependent Schro¨dinger equation [57]. On the other hand,
similar perturbative calculations performed previously [26] overestimate the
data in the peak region.
3.1.4 Momentum distribution of the core
The neutron halo structure is reflected in the narrow width of the parallel
momentum distribution (PMD) of the charged breakup fragments emitted
in breakup reactions induced by the halo nuclei. This is because the PMD
has been found to be least affected by the reaction mechanism [13–17] and
therefore, a narrow PMD can be related to a long tail in the matter distribution
in the coordinate space via Heisenberg’s uncertainty principle.
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Fig. 10. Parallel momentum distributions of 10Be in the breakup of 11Be on U (top
half) and Ta (bottom half) at 63 MeV/nucleon beam energy in the rest frame of
the projectile. The same normalization has been used for both the FRDWBA (solid
line) and the AD (dotted line) cases. The data are taken from [14].
In Fig. 10 we present the PMD of the 10Be fragment emitted in the breakup
of 11Be on U and Ta targets at 63 MeV/nucleon beam energy. Calculations
performed within both the FRDWBA and AD model formalisms using the
configuration (a) are presented in this figure. The calculated cross sections are
normalized to match the peak of the data points (which are given in arbitrary
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units) [14], the normalization constant being the same for both cases. The full
width at half maximum ( FWHM) for the U and Ta targets are 44 MeV/c
and 43 MeV/c respectively in both the FRDWBA and the AD cases. These
agree well with the averaged experimental value of 43.6±1.1 MeV/c [14] and
also with those calculated in [38]. The very narrow widths of the parallel
momentum distributions signal the presence of a neutron halo structure in
11Be.
It may be noted that the calculations performed with configuration (c) gives
results identical to that obtained with configuration (a). The PMD calculated
with a pure d – wave configuration is too small in magnitude and too wide in
width.
3.1.5 Coulomb part of total one-neutron removal cross section
For the breakup of 11Be on a Au target at the beam energy of 41 MeV/nucleon,
the values of the pure Coulomb total one-neutron removal cross section (σC
−n)
are found to be 1.91 b and 1.94 b for the FRDWBA and the AD model
respectively, using configuration (a) and the single particle wave function for
the ground state of 11Be. The corresponding values of σC
−n for the breakup of
this projectile on the Pb target at the beam energy of 72 MeV/nucleon are
1.25 b and 1.29 barn respectively. The experimental values for the total one-
neutron removal cross section (σ−n) for these two reactions are reported to be
2.5±0.5 b [28] and 1.8 ± 0.4 b [9] respectively. The difference between σC
−n and
the experimental value of σ−n can be attributed to the nuclear breakup effects.
Incidentally, FRDWBA calculations performed with the DCP wave function
for the 11Be ground state leads to much larger values of 2.82 b and 1.76 b for
σC
−n for the two cases respectively.
3.2 Results for 19,15,17C
In this section,we shall compare results of our calculations with the available
data on the breakup of the neutron rich carbon nuclei 19,15,17C on heavier
targets.
There is a large uncertainty in the value of the last neutron separation energy
in 19C (Sn−18C) with quoted values varying between 160 – 530 keV [10,58]. It
has recently been shown [59] that most of the available data on the Coulomb
dissociation of 19C can be satisfactorily explained within the adiabatic model
of Coulomb breakup with the one-neutron separation energy of 530 keV. The
ground state spin-parity of 19C has been quoted as 1/2+, 3/2+ and 5/2+ [60].
The relativistic mean field (RMF) [61] as well as shell model calculations
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Table 1
Searched depths of the Woods-Saxon potential for given projectile configurations
and binding energies (ǫ) with radius and diffuseness parameters of 1.5 fm and 0.5
fm. The rms radius of the projectile is also shown for each case.
Projectile Projectile ǫ Vdepth Projectile rms
configuration (MeV) (MeV) radius (fm)
19C 18C (0+) ⊗ 1s1/2ν 0.530 49.77 3.19
18C (0+) ⊗ 0d5/2ν 0.530 53.58 2.95
18C (0+) ⊗ 1s1/2ν 0.160 47.43 3.66
15C 14C (0+) ⊗ 1s1/2ν 1.2181 61.21 2.83
14C (0+) ⊗ 0d5/2ν 1.2181 65.66 2.67
17C 16C (0+) ⊗ 1s1/2ν 0.729 54.45 3.03
16C (0+) ⊗ 0d5/2ν 0.729 58.70 2.81
16C (2+) ⊗ 1s1/2ν 2.5 62.55 2.79
16C (2+) ⊗ 0d5/2ν 2.5 60.82 2.86
using Warburton-Brown effective interaction [62] predict the spin-parity of
the ground state of this nucleus to be 1/2+.
We use single particle wave functions which are constructed by assuming a
Woods-Saxon interaction between the valence neutron and the charged core
whose depth (for fixed values of the radius and diffuseness parameters) is ad-
justed to reproduce the binding energies of the nuclei under investigation. The
valence neutron binding energies, searched potential depths (Vdepth) and cal-
culated rms radii of the projectile with different configurations for the ground
state for each isotope are summarized in Table 1.
In this work, we consider two situations: (i) different binding energies (530
keV and 160 keV) with the same configuration for 19C ground state (18C
(0+) ⊗ 1s1/2ν), and (ii) different configurations (18C (0+) ⊗ 1s1/2ν and 18C
(0+)⊗ 0d5/2ν) for 19C ground state with the same binding energy (530 keV).
We have considered single particle wave functions in all the cases, except for
the 160 keV case where we have additionally considered a DCP wave function
for the s – state [49]. It may be noted that for all the single particle wave
functions, we have used a spectroscopic factor of 1.0.
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Fig. 11. FRDWBA results for the parallel momentum distribution of 18C in the
breakup of 19C on Ta target at the beam energy of 88 MeV/nucleon. The top half
shows the results obtained with the configuration (18C (0+) ⊗ 1s1/2ν) and single
particle wave function for the ground state of 19C with one-neutron separation
energies of 530 keV (solid line), 160 keV (dashed line). The dotted line shows the
result obtained with a DCP wave function with a one-neutron separation energy
of 160 keV. The bottom half shows the result obtained with the configurations
(18C(0+)⊗ 1s1/2ν) (solid) and (18C(0+)⊗ 0d5/2ν) (dashed), with the same value of
the one-neutron separation energy (530 keV). The data have been taken from [15].
In Fig. 11, we present the PMD (calculated within the FRDWBA formalism)
of the 18C fragment in the breakup of 19C on a Ta target at the beam energy
of 88 MeV/nucleon. We have normalized the peaks of the calculated PMDs to
that of the data (given in arbitrary units) [15] (this also involves coinciding
the position of maxima of the calculated and experimental PMDs). As can be
seen from the upper part of this figure, the experimental data clearly favor
Sn−18C = 0.53 MeV with the s – wave n-
18C relative motion in the ground
state of 19C. The results obtained with the s – wave configuration within the
simple potential and DCP models (with the same value of Sn−18C) are similar
to each other.
In the lower part of Fig. 11, we have shown the results obtained with the d
– wave relative motion for this system (with Sn−18C = 0.53 MeV) and have
compared it with that obtained with a s – wave relative motion with the same
value of the binding energy. As can be seen, the FWHM of the experimental
PMD is grossly over-estimated by the d – wave configuration. The calculated
FWHM with the s – state configuration (with Sn−18C = 530 keV) is 40 MeV/c,
which is in excellent agreement with the experimental value of 41±3 MeV/c
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[15]. Thus these data favor a configuration 18C(0+)⊗1s1/2, with a one-neutron
separation energy of 0.530 MeV for the ground state of 19C. These results are
in agreement with those of Ref. [59]. The narrow width of the PMD provides
support to the presence of a one-neutron halo structure in 19C.
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Fig. 12. Parallel momentum distribution of 18C fragment in the Coulomb breakup
of 19C on Ta target at the beam energy of 914 MeV/nucleon.
The width of the PMD is not expected to change with beam energy [5]. To
see this, we have calculated the PMD of 18C in the Coulomb breakup of 19C
on a heavy target (Ta) at the high beam energy of 914 MeV/nucleon. The
corresponding results are shown in Fig. 12. The FWHM of the distribution
in this case is 42 MeV/c which is similar to that obtained above at a lower
beam energy. However, FWHM of the PMD of the 18C fragment measured
in the breakup of 19C on a carbon target at the same beam energy, has been
found [18] to be of 69±4 MeV/c. It would be interesting, therefore, to repeat
measurement at this energy with a heavier target to check our observation.
In Fig. 13, we have shown the results of our FRDWBA calculations for the
the relative energy spectrum for the breakup of 19C on Pb at 67 MeV/nucleon
beam energy. The experimental data is taken from [10]. The angular integra-
tion for the 19C center of mass is done up to the grazing angle of 2.5◦. It
can be seen that in this case also the best agreement with the data (near the
peak position) is obtained with the s – wave configuration with Sn−18C = 0.53
MeV. Calculations done with the d – state configuration for both 530 keV and
160 keV one-neutron separation energy fails to reproduce the data. At the
same time, those performed with the s – state configuration but with Sn−18C
= 0.16 MeV overestimates the data by at least an order of magnitude and
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Fig. 13. Calculated relative energy spectra for the Coulomb breakup of 19C on Pb at
67 MeV/nucleon. The d – state results, for binding energies 160 keV (long dashed)
and 530 keV (dotted), are multiplied by 10. The 160 keV s – state result (short
dashed) is multiplied by 0.086. The 530 keV s – state result is represented by the
solid line. The data have been taken from [10].
also fail to reproduce the its peak position. However, as in the case of 11Be,
our calculations underestimate the relative energy spectrum for larger values
of relative energies. In this case also, the proper consideration of the nuclear
breakup effects is necessary to explain the data in this region. We would also
like to remark that the correction for these effects made in the data [10] by
scaling the cross sections for the breakup of 19C on a carbon target is unlikely
to be accurate due to the same reasons as stated in case of 11Be.
Table 2 summarizes the FRDWBA results of σC
−n for the breakup of
19C on
different heavy targets at several beam energies. The experimental value of σ−n
for the breakup of 19C on Ta at the beam energy of 88 MeV/nucleon is 1.1±0.4
b [15]. It is seen from this table that only with the s – wave configuration of
the 19C ground state with Sn−18C = 0.53 MeV, the calculated cross sections
come closer to the experimental data. In this context it must be kept in mind
that σ−n also include contributions from the nuclear breakup effects, which is
not included in our present calculations.
We next consider the breakup of 15C which has a relatively larger value for the
one-neutron separation energy (1.2181 MeV) and a ground state spin-parity
of 1/2+ [15]. This can be obtained from two configurations: a 1s1/2 neutron
coupled to a 14C (0+) core and a 0d5/2 neutron coupled to a
14C (0+) core.
One could also considered a 14C (2+) core and 0d5/2 neutron coupling to get
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Table 2
Calculated values of σC
−n for
19C. ǫ is the one-neutron separation energy (MeV).
The beam energy (Ebeam) is in MeV/nucleon. The single particle wave functions
are used in all the cases.
Projectile ǫ Ebeam SF σ
C
−n (s – state) (mb) σ
C
−n (d – state) (mb)
+ target FRDWBA AD FRDWBA AD
19C + Ta 0.530 88 1 780.4 780.9 62.5 66.8
19C + Ta 0.160 88 1 4029.4 4072.0
19C + Pb 0.530 67 1 744.96 25.7
19C + Pb 0.160 67 1 4246.0 84.9
a 1/2+ ground state for 15C, but it would raise the one-neutron separation
energy to about 7.01 MeV, which is highly unfavorable for the formation of a
halo. We, therefore, do not consider this configuration in our calculations.
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Fig. 14. Parallel momentum distributions of 14C in the breakup of 15C on Ta at 84
MeV/nucleon. The solid line and dotted lines show the results obtained with the
configurations 14C (0+)⊗ 1s1/2ν the 14C (0+)⊗ 0d5/2ν respectively for the ground
state of the projectile. The data have been taken from [15].
In Fig. 14, we present the results of our FRDWBA calculations for the PMD
of the 14C fragment in the breakup of 15C on the Ta target at the beam
energy of 84 MeV/nucleon. The experimental data is taken from [15]. As
before, our calculations are normalized to the peak of the data. The s – state
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Table 3
FWHMs from the parallel momentum distribution of 16C for different ground state
configurations of 17C and one-neutron separation energies (ǫ) in the breakup of 17C
on Tai at 84 MeV/nucleon beam energy.
Projectile ǫ FWHM
configuration (MeV) (MeV/c)
16C (0+) ⊗ 1s1/2ν 0.729 51
16C (0+) ⊗ 0d5/2ν 0.729 114
16C (2+) ⊗ 1s1/2ν 2.5 82
16C (2+) ⊗ 0d5/2ν 2.5 185
configuration for the ground state of 15C gives a FWHM of 62 MeV/c, while
with the d – state configuration it comes out to be 140 MeV/c. Therefore,
the experimental value for the FWHM (67±1 MeV/c) [15] favors the former
configuration. Hence our results provide support to the existence of a halo
structure in 15C. This nucleus provides an example of the one-halo system
with the largest one-neutron separation energy, known so far.
17C has a lower one-neutron separation energy (729 keV) as compared to that
of 15C. It would be interesting to see if it also has a halo structure, which seems
probable if one considers only the binding energies. The quoted ground state
spin-parities for this nucleus are 1/2+, 3/2+ and 5/2+ [60]. RMF calculations
[61] predict it to have a value of 3/2+. We consider four possible ground
state configurations for this nucleus and calculate the parallel momentum
distributions of the 16C fragment in the breakup of 17C on a Ta target at 84
MeV/nucleon beam energy within our FRDWBA formalism. The FWHMs of
the PMD obtained with different configurations are listed in Table 3.
It is evident from this table that the s – state configurations predict a narrow
width for the PMD, providing support to the existence of a halo structure
in this nucleus. The experimental data [15], however, is available only for
the breakup of 17C on a light target (Be) at 84 MeV/nucleon, which gives a
FWHM of 145±5 MeV/c. Since the PMD is mostly unaffected by the reaction
mechanism [63], it is quite likely that the experimental FWHM will be the
same also for the breakup of this nucleus on a heavier target. Therefore, the
results shown in Table 3 seem to provide support to a d – wave configuration
for the ground state of 17C [64]. Hence, the existence of a one-neutron halo
structure is quite improbable in 17C. However, to arrive at a more definite
conclusion in this regard the data on the breakup of 17C on a heavy target is
quite desirable.
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4 Summary and conclusions
In this paper, we have performed calculations for the Coulomb breakup of
the neutron rich nuclei 11Be and 15,17,19C, which have a single valence neu-
tron loosely bound with a stable core. We used a theory developed within the
framework of the post form distorted wave Born approximation where finite
range effects have been included approximately by using a local momentum
approximation on the Coulomb distorted wave of the outgoing charged frag-
ment. Within this method, the breakup amplitude is expressed as a product of
factors describing separately the projectile structure and the dynamics of the
reaction. This factored form of the breakup amplitude can also be obtained
within an adiabatic model which makes the approximation that the strongly
excited core-valence particle relative energies in the Coulomb breakup are
small. However, unlike the post form DWBA, the adiabatic model does not
use the weak coupling approximation to describe the center of mass motion
of the fragments with respect to the target.
Both these theories allow the use of realistic wave functions for the ground
state of the projectile. Furthermore, unlike the semiclassical and quantum
mechanical theories using the zero range approximation which can be applied
only to s – wave projectiles, these methods are applicable to projectiles with
any relative orbital angular momentum structure between their fragments.
This provides an opportunity to probe the structure of the ground state of the
projectile, by comparing the predictions of these theories with the data for
the breakup observable. We have calculated, the energy, angular and parallel
momentum distributions of the fragments emitted in the breakup reaction of
these nuclei using different configurations for their ground state, By making
comparisons of the calculated cross sections with the available experimental
data an effort has been made to put constraints on their ground state structure.
All the observable calculated by us are sensitive to the ground state con-
figuration of the projectile. We find that for 11Be, a s – wave configuration
(10Be(0+) ⊗ 1s1/2ν), with a spectroscopic factor of 0.74 for its ground state
provides best agreement with the experimental data in all the cases. In our
study, it is not possible to distinguish between this configuration and the one
proposed recently where there is an admixture of the s – wave and a d – wave
configuration, (10Be(2+)⊗ 0d5/2ν), with spectroscopic factors of 0.74 and 0.17
respectively for the ground state of this nucleus. For almost all the observables,
there is a general agreement between the FRDWBA and adiabatic model re-
sults even in the absolute magnitude in the region where Coulomb breakup
is expected to be dominant mode (ie. below the grazing angle). This provides
additional support to our choice of the parameters associated with the local
momentum in our FRDWBA calculations. It may be noted that the approxi-
mation of Baur and Trautmann, which also leads to the factored form for the
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breakup amplitude, gives results which are very different from those obtained
with the FRDWBA and AD model formalisms. The BT approximation fails
to explain the data in most of the cases studied here.
In the case of neutron angular distributions for the breakup of 11Be on the gold
target at the beam energy of 41 MeV, there is a dip around 25◦ in the adiabatic
model calculations, which is not seen in the corresponding FRDWBA results.
It may be noted that this region was excluded in the results shown in Ref. [38].
This dip can be traced back to the fact that the form factor in the adiabatic
model has a node at the momentum transfer corresponding to this angle. In
any case, this region of the angular distribution is expected to get substantial
contribution from the nuclear breakup effects (and also from the Coulomb-
nuclear interference terms). Therefore, full implication of this dip can become
clear only after nuclear breakup effects are included in these models.
For the 19C case, the results for the PMD of 18C and the relative energy
spectrum of the n + 18C system show that the most probable ground state
configuration of 19C is (18C (0+)⊗1s1/2ν) with a one-neutron separation energy
of 530 keV and a spectroscopic factor of 1. Our FRDWBA calculations agree
well with the experimental data of the MSU group [15]. By performing the
calculations at GSI energies we note that the width of the PMD is independent
of the beam energy. It would be interesting to perform the GSI experiment
with a heavier target to check this prediction. Our FRDWBA results on 19C
are in excellent agreement with those of the adiabatic model [59].
We find that the most probable configuration for 15C is a s – wave valence
neutron coupled to the 14C core and that for 17C is a d – wave valence neutron
coupled to a 16C core. Both the experimental and the calculated FWHM of
the PMD for the 14C core in the breakup of 15C are small and they agree
well with each other. This provides support to the existence of a one-neutron
halo structure in 15C. On the other hand, in the case of 17C the value of
this quantity for the 16C core is probably closer to that of a stable isotope.
Therefore the existence of a halo structure in 17C appears to be unlikely.
Interestingly the one-neutron separation energies of 15C and 17C are 1.2181
and 0.729 MeV respectively. So the binding energy of the valence neutron as
well as its configuration with respect to the core together decide whether a
nucleus has halo properties or not.
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A. Nagarajan on the local momentum approximation method.
A Validity of the local momentum approximation
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Fig. A.1. variation of η(r) (upper half) and K(r) (lower half) with r.
As discussed in [32], a condition for the validity of the local momentum ap-
proximation is that the quantity
η(r) =
1
2
K(r)|dK(r)/dr|−1 (A.1)
evaluated at a representative distance R should be much larger than Rbc, which
is of the order of the range of the interaction Vbc. To check this, we show in
Fig. A.1, η(r) (upper half) and K(r) (the magnitude of the local momentum)
(lower half) as a function of r, for the breakup reactions 19C + Ta → 18C +
n + Ta at the beam energy of 88 MeV/nucleon (left side) and 11Be + Au →
10Be + n + Au at the beam energy of 41 MeV/nucleon (right side). We see
that for r > 8 fm, η(r) is several orders of magnitude larger than rms radii
of the halo in both the cases. Therefore, the above condition is well satisfied.
From the lower half of Fig. A.1, we note that the value of K(r) remains
constant for distances larger than 10 fm. Due to the peripheral nature of
the breakup reaction, this region contributes maximum to the cross section.
Therefore, our choice of a constant magnitude for the local momentum eval-
uated at 10 fm is well justified. In fact, we noted that as R is increased from
28
5 to 10 fm the calculated cross sections vary by at the most 10%, and with
a further increase the variation is less than 1%, in all the cases considered in
this paper.
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Fig. A.2. (A) The energy distributions of neutron from the breakup of 11Be on Au
at the beam energy of 41 MeV/nucleon and (B) relative energy spectra for the
dissociation of 19C on Pb at 67 MeV/nucleon for choices d1 (solid line), d2 (dashed
line) and d3 (dotted line) for the direction of the local momentum, as discussed in
the text. For the relative energy spectra the results obtained in three cases are not
distinguishable from each other.
In the application of the LMA in the description of the heavy ion induced
transfer reactions, it was noted [35] that the calculated cross sections were
more or less unaffected by the choice of the direction of the local momentum.
However, in Ref. [38], some dependence of the breakup cross sections on this
direction has been reported. To study the sensitivity of our FRDWBA results
on the direction of K, we have performed calculations for three cases where
we take the angles of the local momentum (d1) parallel to those of kb, (d2)
parallel to the direction corresponding to the half of the angles of kb and (d3)
parallel to the beam direction (zero angles).
In Table A.1, we show the results for σC
−n for the breakup of
11Be and 19C (on
targets and at beam energies as indicated therein), for these three choices of
the direction of K. We see that between the cases d1 to d3, the variation in
the values of σC
−n is less than 5% for
11Be, and less than 2% for 19C. In part
A of Fig. A.2, we show the energy distribution of the neutron for the same
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Table A.1
Calculated value of the Coulomb part of one-neutron removal cross section for 11Be
for three different directions of local momentum (d1) (d2) and (d3).
Projectile ǫ Ebeam SF σ
C
−n σ
C
−n σ
C
−n
+ target (MeV) (MeV/nucleon) d1 d2 d3
(mb) (mb) (mb)
11Be + Au 0.504 41 0.74 1906 1973 1979
19C + Pb 0.530 67 1 745 758 760
reaction as described in Fig. 2 The results obtained with cases d1, d2 and d3
are shown by solid, dashed and dotted lines respectively. We note that energy
distributions calculated with these choices differ from each other only in the
peak region; the variation between them is of the order of only 5%. The results
for the neutron angular distribution (for the reaction reported in Fig. 8) is of
the similar nature.
In part B of Fig. A.2, we show the relative energy spectrum for the same
reaction as shown in Fig. (13), for the choices (d1), (d2) and (d3). In this case
we observe almost no variation in the calculated cross sections. Similarly, We
have noted no dependence of the calculated widths of the parallel momentum
distributions of heavy fragments on the direction of K, in all the reactions
investigated in this paper. Therefore, the dependence of various cross sections
for the reaction studied in this paper, on the direction of the local momentum
is either very minor or almost negligible. The measurements done so far are
not able to distinguish the small differences that we see here in some cases.
Therefore, we have performed all our calculations in this paper by using Kˆ =
kˆb.
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